Ovarian fluid samples from naturally infected chinook salmon (Oncorhynchus tshawytscha) were examined for the presence of Renibacterium salmoninarum by the membrane-filtration fluorescent antibody test (MF-FAT), an antigen capture enzyme-linked immunosorbent assay (ELISA), and a nested polymerase chain reaction (PCR). On the basis of the MF-FAT, 64% (66/103) samples contained detectable levels of R. salmoninarum cells. Among the positive fish, the R. salmoninarum concentrations ranged from 25 cells/ml to 4.3 ϫ 10 9 cells/ml. A soluble antigenic fraction of R. salmoninarum was detected in 39% of the fish (40/103) by the ELISA. The ELISA is considered one of the most sensitive detection methods for bacterial kidney disease in tissues, yet it did not detect R. salmoninarum antigen consistently at bacterial cell concentrations below about 1.3 ϫ 10 4 cells/ml according to the MF-FAT counts. When total DNA was extracted and tested in a nested PCR designed to amplify a 320-base-pair region of the gene encoding a soluble 57-kD protein of R. salmoninarum, 100% of the 100 samples tested were positive. The results provided strong evidence that R. salmoninarum may be present in ovarian fluids thought to be free of the bacterium on the basis of standard diagnostic methods.
Bacterial kidney disease (BKD), caused by the gram-positive bacterium Renibacterium salmoninarum, affects wild and cultured salmonid stocks worldwide. 13, 17, 21 The bacterium is unique because not only can it be transmitted horizontally 31 like many other fish pathogenic microorganisms, 40 but also it can be transmitted vertically in association with eggs from infected parents. 8, 15 Several mechanisms have been postulated for the egg-associated transmission of R. salmoninarum. 7, 23 Many consider vertical transmission to be a consequence of maternal R. salmoninarum infections 16, 34 because there is no experimental evidence to date for a contribution by an infected male. 16 As salmonid females reach sexual maturity, R. salmoninarum infections may be found in several organs and body fluids, 33 including the ovarian fluid that surrounds maturing eggs. 22, 34 The relative importance of infections in various organs to the success of vertical transmission is poorly understood, but the ovarian fluid can contain more than 1 ϫ 10 9 R. salmoninarum cells/ml, 34 suggesting that this fluid may play a key role in eggassociated transmission of BKD. Whereas the prevalence of R. salmoninarum infections among fish in different progeny groups generally increases as the concentrations of the bacterium in the ovarian fluid be-come higher, 22, 34 evidence exists that vertical transmission of this bacterium may also occur when there are very low numbers of bacterial cells in the ovarian fluid. Renibacterium salmoninarum infections have been detected in chinook salmon (Oncorhynchus tshawytscha) smolts that were the progeny of females with as few as 28 bacterial cells/ml in their ovarian fluid. 22 Broodstock segregation has shown promise for reducing the prevalence and levels of R. salmoninarum in hatchery-reared chinook salmon 34 and for increasing survival during their downriver migration and entry into seawater. 14, 32 This procedure is based upon interrupting vertical transmission of R. salmoninarum by isolating or destroying eggs from brood fish that are most likely to transmit the disease. The gametes (fertilized eggs of individual female salmon) are held separately until testing of the appropriate tissues or body fluids for the kidney disease bacterium is complete. Because several weeks are required to culture R. salmoninarum, 3 samples are tested for R. salmoninarum cells by the flourescent antibody test (FAT) 34 or for soluble antigens of the bacterium by an enzyme-linked immunosorbent assay (ELISA). 35, 41 To detect and quantify R. salmoninarum in ovarian fluid, a modified FAT was developed in which the bacteria are concentrated on a membrane filter prior to staining (MF-FAT). 11 Recently, the polymerase chain reaction (PCR) technique has shown promise for detecting very low levels of R. salmoninarum, 6, 24, 27, 30 but it lacks the quantitative aspect of the MF-FAT and the ELISA.
The ELISA is considered one of the most sensitive methods for quantifying R. salmoninarum antigen levels in tissues or blood from infected fish, 19, 33 and the ELISA absorbances generally correspond to the numbers of bacteria. 33, 41 For testing ovarian fluid, however, the ELISA has proven less reliable, and estimates of bacterial concentration based on the MF-FAT counts may better represent the level of infection. In a previous study with 1 population of chinook salmon, a disparity in R. salmoninarum detection rates between the 2 tests occurred among some fish having between 42 and 1 ϫ 10 5 bacterial cells/ml detected by the MF-FAT but no soluble antigen detected by the ELISA. 34 In the present study, we further evaluated the relation between the concentration of R. salmoninarum in ovarian fluid as calculated on the basis of MF-FAT counts and the level of the soluble antigen fraction as detected by the ELISA. Each ovarian fluid sample was also tested by a nested PCR technique designed to amplify a region of the gene encoding a 57-kD protein that is the principal component of the soluble antigen fraction. The kidneys of all fish were also tested by the ELISA because many agencies are implementing broodstock segregation for the control of BKD based only on maternal levels of R. salmoninarum measured in the kidney by this method.
Materials and methods
Animals. Spring chinook salmon for this study spawned at Carson National Fish Hatchery (NFH), Carson, Washington (US Fish and Wildlife Service) during August 1994. This hatchery was chosen because R. salmoninarum is enzootic in the spring chinook salmon.
Tissue and ovarian fluid samples. Samples from the anterior, middle, and posterior sections of the kidney (about 1 g each) from individual fish were pooled for testing by the ELISA. Each tissue pool was homogenized and then diluted 1:4 (w/v) in 0.01 M phosphate-buffered saline (PBS), pH 7.4, containing 0.05% Tween 20 (PBS-T20). The kidney homogenates were stored at Ϫ70 C.
An ovarian fluid sample was decanted from an egg/ovarian fluid mixture collected in a sterile paper cup as the eggs were being expelled from the female. An aliquot of each ovarian fluid sample was diluted 1:2 (v/v) in PBS-T20 for testing by the ELISA. Untreated and diluted ovarian fluids were stored at Ϫ70 C prior to testing by the MF-FAT and the nested PCR.
Direct FAT. The concentration of R. salmoninarum cells in each ovarian fluid sample was quantified by the MF-FAT, 11 with modifications previously described. 12 Fluorescein isothiocyanate-conjugated polyclonal goat immunoglobulin to R. salmoninarum a was prepared at a working dilution of 1:40 (v/v) and filtered before use in the MF-FAT. 34 The bacterial concentration was calculated 11 on the basis of the number of fluorescing R. salmoninarum cells counted in 150 fields at 1,000ϫ, except that the conversion factor was 1,865.
ELISA. A double-antibody ELISA that measures the lev-els of a soluble antigen fraction of R. salmoninarum (ELISA II) 34 was used to test the kidney homogenate and diluted ovarian fluid samples. Unconjugated and horseradish peroxidase-conjugated polyclonal goat immunoglobulin to R. salmoninarum a and a positive control antigen a were used at the same concentrations previously described. 34 Each test sample was heated at 100 C for 15 min and centrifuged at 8,800 ϫ g for 10 min. The supernatants were tested by the ELISA.
A negative-positive cutoff threshold absorbance of 0.068 was calculated 33 for ovarian fluid. For kidney tissue, a conservative negative-positive cutoff threshold absorbance of 0.095 was used in the data analyses. 29 Kidney tissue samples positive for R. salmoninarum were assigned to low-, medium-, or high-antigen categories on the basis of past studies in which the ELISA absorbances were compared with the concentrations of R. salmoninarum determined by the FAT and bacteriologic culture. The ELISA absorbance ranges for the antigen categories were 0.096-0.199 (low), 0.200-0.999 (medium), and Ն1.000 (high).
DNA extraction. Total DNA was extracted from individual ovarian fluid samples by a phenol/chloroform method. 39 A 50-l aliquot of ovarian fluid was combined with 470 l of 10 mM hydroxymethyl aminomethane hydrochloride (Tris-HCl), pH 8.0, containing 1 mM ethylenediaminetetraacetic acid (EDTA), pH 8.0. Then 3 l of 10% sodium dodecyl sulfate and 100 l of 20 mg/ml proteinase K b were added, and the solution was incubated at 37 C for 1 hr to lyse bacterial cells. After heating, each sample received 100 l of 5 M sodium chloride (NaCl), and the contents were mixed thoroughly. Subsequently, 80 l of a solution containing 2% hexadecyltrimethyl ammonium bromide, 100 mM Tris-HCl, pH 8.0, 20 mM EDTA, pH 8.0, and 1.4 M NaCl was added, mixed, and incubated at 65 C for 10 min. The proteins and other contaminants were separated from the nucleic acids by 1 cycle of chloroform/isoamyl alcohol and phenol/chloroform/isoamyl alcohol. The nucleic acids were precipitated by adding 37.5% absolute isopropanol to the sample. The precipitate was immediately centrifuged at 8,000 ϫ g for 15 min at 4 C. The pellet was washed with 500 l of 70% ethanol and centrifuged as described above. The pellet was dissolved in 100 l Tris-EDTA buffer and stored at 4 C.
Primer design. Two pairs of oligonucleotide primers were designed c from the published sequence for the gene encoding the p57 protein of R. salmoninarum 9 primers P3 and M21, and 2 U of Taq polymerase. e This reaction mixture was overlaid with 50 l of mineral oil before amplification. The first round PCR was performed in a thermal cycler f with 20 cycles of denaturing at 94 C for 30 sec, annealing at 65 C for 1 min, and extension at 72 C for 1.5 min. The second round amplification was performed in a volume of 50 l by using primers P4 and M38 and 1 l of the first round amplification product as the template DNA. The same reaction mixture and the thermal cycler program described above were used except for only 10 cycles. Each set of samples for the first and second rounds of amplification included a negative control (no template DNA) and recombinant R. salmoninarum p57 DNA, g which served as a positive control. Ten microliters of each PCR product was analyzed by gel electrophoresis on 2% agarose gels along with a 1-kb DNA standard. h The gels were stained for 30 min with 5 g/ml ethidium bromide in a buffer containing 0.02 M hydroxymethyl aminomethane, 0.02 M glacial acetic acid, and 0.5 mM EDTA. Gels were examined under UV illumination, and a sample was considered positive if the anticipated 320-base-pair (bp) product was observed. Samples with very light bands at the 320-bp location were reamplified as described above for the second amplification except for 20 rather than 10 cycles.
Statistical analyses. Chi-square analysis (P Յ 0.05) was used to evaluate differences in the prevalence of R. salmoninarum among the ovarian fluid samples tested by the MF-FAT, the ELISA, and the nested PCR. The correlation between the R. salmoninarum cell concentrations in ovarian fluid as determined by the MF-FAT and the corresponding ELISA absorbances was evaluated by regression analysis of log-transformed data. Analysis of variance (P Յ 0.05) with log(X ϩ 1)-transformed data was used to compare ovarian fluid ELISA absorbances among various R. salmoninarum cell concentration groups created on the basis of the MF-FAT counts.
Results

Prevalence of R. salmoninarum in ovarian fluid.
The prevalence of R. salmoninarum in the ovarian fluid samples was higher (P Յ 0.05) as determined by the nested PCR than that determined by the MF-FAT and the ELISA: 100% (100/100), 64% (66/103), and 39% (40/103), respectively. Three ovarian fluid samples did not contain enough fluid for analysis by the nested PCR.
Correlation between ELISA absorbances and MF-FAT counts for the ovarian fluid. For the samples that were positive by the MF-FAT, a general correlation was observed (r 2 ϭ 0.84) between the concentrations of R. salmoninarum cells and the corresponding mean ELISA absorbances (Fig. 1) . No change was observed in the mean ovarian fluid ELISA absorbance (P Ͼ 0.05) when the concentration of R. salmoninarum cells by the MF-FAT was between 25 and 500,000 cells/ml ( Table 1 ). The mean ovarian fluid ELISA absorbance was higher (P Յ 0.05) for the fish with R. salmoninarum concentrations Ͼ500,000 cells/ml than for the fish with 25-500,000 cells/ml.
Correlation between prevalence of R. salmoninarum in the ovarian fluid and infection levels in the kidney.
Among the fish negative for R. salmoninarum infection on the basis of the kidney tissue ELISA, all were positive when the corresponding ovarian fluid was tested by the nested PCR (47/47). About 32% of the Table 2 . Detection of R. salmoninarum in 103 chinook salmon by analysis of ovarian fluid by the MF-FAT and the ELISA. The infection category assigned to each fish on the basis of conventional analysis of kidney tissue by the ELISA is given for ovarian fluid samples that tested negative or positive by each method. A 320-bp fragment of the gene encoding the p57 protein of R. salmoninarum was detected in each ovarian fluid tested by the nested PCR (n ϭ 100). Six fish had high R. salmoninarum infection levels on the basis of the kidney tissue ELISA yet were negative by the MF-FAT, the ovarian fluid ELISA, or both tests. Two of those fish were negative by both the MF-FAT and the ovarian fluid ELISA; 1 sample contained an insufficient amount of ovarian fluid for further testing, and the other was positive for R. salmoninarum by the nested PCR. Three fish with high levels of R. salmoninarum in the kidney and that were negative by the ovarian fluid ELISA had detectable levels of R. salmoninarum by the MF-FAT; the bacterial concentrations in those ovarian fluids were 25, 99, and 3,655 cells/ml. One fish was positive by the ovarian fluid ELISA (x absorbance ϭ 0.074) and negative by the MF-FAT.
Discussion
The detected prevalence of R. salmoninarum among the ovarian fluid samples in this study was highest when tested by the nested PCR as compared with results of the immunologic methods customarily used to either observe bacterial cells by microscopy or to detect soluble proteins released during replication. Although studies comparing R. salmoninarum detection methods continue to be reported as new diagnostic tests are introduced, 6,10,19,28,38,42 very few have included ovarian fluid as the test sample. 12, 25, 30, 33 This is the first comparative study to provide strong evidence that R. salmoninarum may be present in ovarian fluids thought to be free of the bacterium on the basis of 2 standard diagnostic methods, the MF-FAT and the ELISA. In a previous comparison of R. salmoninarum detection methods, a very high prevalence of R. salmoninarum was also found in the ovarian fluid from coho salmon (O. kisutch) on the basis of the MF-FAT, as compared with results of bacteriologic culture, agarose gel immunodiffusion, and counterimmunoelectrophoresis. 33 Unfortunately, a complete analysis was not possible because adequate controls were not available for the ELISA used in that study nor had the nested PCR for R. salmoninarum been developed. The presence of the bacterium in fish with otherwise undetectable levels of R. salmoninarum was indirectly suggested by an earlier study 6 in which a 501-bp fragment of the same gene encoding the p57 protein was found in eggs from chinook salmon mating pairs in which both parents were diagnosed as having low or undetectable levels of R. salmoninarum on the basis of the ELISA and the MF-FAT.
False-positive reactions caused by R. salmoninarum contamination of samples during collection or processing may occur more frequently as new diagnostic methods make it easier to detect bacterial infections at levels far below those producing clinical disease. Antisera against R. salmoninarum can cross-react with other bacterial species, resulting in false-positive reactions. 1, 5, 43 The same polyclonal antibody preparation was used in the MF-FAT and the ELISA, although the tests differ because the MF-FAT detects antigens of R. salmoninarum in association with the bacterial cell, whereas the ELISA detects an extracellular antigenic fraction. The sensitivity of the MF-FAT, about 25 bacteria/ml or the observation of only 1 bacterium in 150 microscope fields, means that careful attention is necessary to avoid cross-contamination of the ovarian fluid samples. The nested PCR described here is sensitive enough to consistently detect about 10 R. salmoninarum cells (unpublished data) and was included in the comparison to confirm that R. salmoninarum cells were present in samples negative by the ELISA and positive by the MF-FAT. The internal primers used in the second round amplification also act as an internal control by confirming the presumptive product of the initial amplification, thereby minimizing the opportunity for false-positive reactions. 36 The correlation between ELISA absorbances and MF-FAT counts sug-gests that the ELISA was not compromised by falsepositive reactions, and the detection of R. salmoninarum by the nested PCR in ovarian fluids categorized as negative on the basis of the ELISA confirms an earlier finding that an as yet uncharacterized factor associated with ovarian fluid affects detection of the soluble antigenic fraction by the ELISA.
The nature of the factor in ovarian fluid that interferes with the ELISA is unclear; it could be a component of the ovarian fluid or it could be associated with the R. salmoninarum cells. Ovarian fluid is believed to be partially derived from the blood, 20, 26 but no evidence for interference was found in an earlier study in which blood was tested in the ELISA. 33 Recent in vitro and in vivo studies with extracellular products (ECP) of R. salmoninarum failed to demonstrate cytotoxic activities, 2 but the p57 protein and its breakdown products are components of the ECP and have autolytic serine protease properties. 37 Other researchers provided evidence that the p57 protein in kidney and spleen homogenates from naturally infected fish was also autolytic 18 and cautioned that such degradation may limit the effectiveness of immunodiagnostic methods that rely on detection of the p57 protein in reproductive fluids from fish with inactive R. salmoninarum infections. The antigenic fraction detected by the ELISA in this study is believed to be predominantly p57 protein because there was very little reactivity when an isolate of R. salmoninarum that lacks surface p57 protein was tested by the same assay. Autolysis may occur in ovarian fluids from fish in which bacterial replication had ceased early during sexual maturation; the fish used in this study were injected with erythromycin to reduce vertical transmission of R. salmoninarum. 4, 15 In addition, p57 protein degradation increases at higher, (nonphysiological) temperatures, 18, 37 and the heating step of sample preparation for the ELISA may cause a transient degradation that is most evident for samples with lower bacterial levels.
Although the nested PCR could detect R. salmoninarum in ovarian fluids negative by the MF-FAT and the ELISA, it could not distinguish between different concentrations of R. salmoninarum. Unless a quantitative PCR is developed, the assay may have limited usefulness in BKD control programs; broodstock management programs in populations where the prevalence of R. salmoninarum is very high rely on quantification of R. salmoninarum for selection of egg lots from parents with undetectable or very low levels of infection. Use of the nested PCR may be very desirable, however, in situations in which complete avoidance of the pathogen is most important. One such application would be the certification of salmonid gametes from BKD-negative parents for shipment into areas in which R. salmoninarum is not enzootic.
Because of the interfering components in some ovarian fluids and the time required to test large numbers of samples by the MF-FAT, the kidney remains the sample of choice for many ELISA-based BKD management programs with salmonid broodstock (R. Brunson, personal communication). If the fish in this study were subjected to broodstock segregation on the basis of the kidney ELISA testing, resulting in isolation or discard of egg lots from mating pairs in which the female parent had a high level of R. salmoninarum (x kidney ELISA absorbance Ն 1.000), the acceptable broodstock would have included 3 fish with Ͼ1 ϫ 10 5 cells/ml in the ovarian fluid and 8 others with ovarian fluid concentrations Ͼ1 ϫ 10 3 cells/ml according to the MF-FAT results. About 50% of those samples were categorized as negative by the ovarian fluid ELISA. Such discrepancies emphasize the need to clarify the relation between R. salmoninarum infections in the kidney and the presence of bacterial cells or proteins in the ovarian fluid and how R. salmoninarum levels at either location affect the probability of vertical transmission. Each of the methods used in this comparison will have a place in future research studies investigating the role of ovarian fluid in the vertical transmission of R. salmoninarum and possibly in the development of new broodstock management practices for the control of BKD.
